A plasma based ion implantation (PBII) to Si wafers with N ions is performed and the surface modification of Si, i.e., the compositional and structural changes at the surface, are examined by energy dispersive X-ray spectrometer (EDX), Raman and Fourier Transform Infrared (FT-IR) spectroscopy, Rutherford backscattering spectrometry (RBS), X-ray diffraction (XRD) measurements and X-ray photoelectron spectroscopy (XPS). To check ion species in N 2 plasma, optical emission spectroscopy is also carried out. The implantation time is varied from 10 min to 7 h. It is found that the N concentration is increased with increasing implantation time up to 1 h, and then tends to be saturated at further implantation time. The results of Raman measurements indicate that the small peaks from a-Si and/or a-SiN x appear after N ion implantation in addition to the Raman peak from Si crystal. It is also confirmed by FT-IR and XRD measurements that a broad peak assigned to Si-N bonds appears and no crystal phases of Si 3 N 4 is observed after N ion implantation. That the maximum N areal density is approximately 1.7 x 10 17 atoms/cm 2 is obtained for the sample implanted for 7 h. The XPS results show that implanted N mostly bonds to Si, and the ratio of N/Si at the surface is slightly increased over 1 h until 7 h. Judging from these results, it is suggested that a-SiN x is formed on Si wafer by N ion implantation using PBII system.
INTRODUCTION
Surface modification by ion implantation is a useful technique and many investigations are carried out using ion accelerator. Recently, a plasma based ion implantation (PBII) technique has attracted much interest for the surface modification because of the capability of shallow and 3 dimensional ion implantation [1] . In addition, the coatings of some films also can be done by adjusting PBII process conditions. Therefore, in the PBII technique, ion implantation is sometimes employed as a pretreatment step before coatings for the improvement of adhesion strength at the interface. For example, it was reported that the surface modification by carbon implantation with CH 4 gas before coating is useful for getting adherent diamond-like carbon films on various materials [2] .
The surface modification can also be done by implantation with not only carbon but also various other gases, such as nitrogen, oxygen and hydrogen. Especially, many studies on nitrogen (N) implantation by PBII technique have been carried out for surface nitridation of metals, such as aluminum [3] , steel [4] and titanium alloys [5] , and for modification of surface properties of polymer, such as polyethylene [6] . However, it is not always clarified on the effects of N implantation on surface modification by PBII system. The aim of this study is to make clear the effects of N ion implantation on the modification at the surface of the substrate. Si wafer is used as a model target because the composition and structure is apparent which allows us to make the changes clear due to N implantation. The changes of the concentration of N, the microstructure and the bonding state of Si surface are examined and discussed in addition to data in a previous report [7] .
EXPERIMENTAL
N implantation was carried out by the PBII system [8] . Figure 1 shows the illustration of a PBII system. Typical implantation condition is listed in Table I . The Si (100) wafers (10 x 20 mm) were held on the center of the cylindrical vacuum chamber. The chamber was evacuated to less than 10 -3 Pa by a turbo molecular pump. An RF power was 150 W at a frequency of 13.56 MHz. Negative pulse voltage (V n ) was applied to the substrate through a high-voltage feed-through and kept -20 kV. N 2 gas was inlet to the chamber at a flow rate of 10 sccm. The working pressure during implantation was kept at 0.05 Pa. Implantation time was changed in the range of 10 min to 7 h. The detail of system was reported in a previous paper [9] .
Optical emission from N 2 plasma was measured by an optical fiber connected to the spectrometer (Ocean Optics Co., USB-4000).The scan range was from 300 -600 nm.
Depth profile of the implanted N in Si was calculated by the simulation program of the transport of ions in matter (TRIM ver. 95.06) code [10] . Relative concentration of N was examined by energy dispersive X-ray spectrometer (EDX) as a function of implantation time. The acceleration voltage was 20 kV and the [11] . Although the signal information depth is not always clear, it may generally be around 1 m. Raman spectra of N implanted Si surfaces were measured on micro-Raman spectrometer (Renishaw inVia) with 514.5 nm line of an Ar ion laser. The penetration depth of Ar ion laser into Si is estimated to around 0.5 m. The power of the laser was 10 mW. The laser was focused to about 1 m in diameter on the sample surface through a confocal optical microscope. Typical acquisition time was 10 s. The Si-N bonding after implantation was confirmed by Fourier Transform Infrared (FT-IR) spectroscopy. To examine the structural changes at the surface of Si target, thin film X-ray diffraction (XRD) measurements was also carried out. Rutherford backscattering spectrometry (RBS) was performed using 1.8 MeV He + ions with a 1.7 MV tandem-type ion accelerator (NEC 5SDH-II pelletron accelerator). Quantitative analysis of the RBS spectrum was carried out by the simulation program of the Rutherford universal manipulation program code [12, 13] for the Windows XP (XRUMP). X-ray photoelectron spectroscopy (XPS) analysis was performed to examine the bonding state of Si and N using a Sigma Prove system (Thermo VG scientific) equipped with an Al K X-ray (1486.6eV) source. Si(100) Table I . Typical condition for N implantation.
3. RESULTS AND DISCUSSION N + and N 2 + ions are generally dominant species in N plasma and the ratio of N + to N 2 + is changed by plasma density. In the case of PBII, the ratio of N + to N 2 + ions is also varied depending on the plasma density (RF power). In a previous paper [8, 14] , the plasma density, electron temperature and substrate temperature were approximately 4 x 10 10 /cm 3 , around 1 eV and less than 200 o C, respectively, under the typical experimental conditions for our PBII system. Although the conditions are slightly different in this experiment, these plasma parameters should be similar values. The RF power of 150 W (the plasma density) is relatively low so that N 2 + ion is considered to be main ion species, as reported by S. Qi et al. [15] . In fact, this is confirmed by the optical emission from N 2 plasma produced by the PBII system. ) [16] . On the other hand, the peak at 568 nm is small in intensity which originates from N + : 2p3s 2p3p transition. This result suggests that N 2 + is dominant ion species in N 2 plasma discharge. It was also reported by B. Y. Tang et al. [17] that 70 -80% molecular ions of N 2 + were observed in their measurement system. Therefore, it is expected that the distribution of implanted N in Si is close to that for N 2 + implantation case. Figure 3 shows the depth profile of implanted N in Si target calculated by TRIM code [10] assuming the N 2 + = 80 %. Calculation is performed on 20 keV N + and N 2 + (10 keV per N) ions. The projected range (R p ) and straggling for N + are 54.2 nm and 21.5 nm, respectively. On the other hand, the R p and straggling for N 2 + are 29.0 nm and 12.8 nm, respectively.
The EDX spectra from N of the implanted Si samples were measured at various implantation time ranging from 10 min to 7 h [7] . Signal from N appeared at 0.4 keV for implanted sample for 10 min. The intensity of N signal was increased with increasing implantation time up to 1 h. However, further increase of implantation time did not cause a significant increase of the intensity. To make clear N implantation effects, the structural and compositional changes are examined. Figure 4 shows Raman spectra of Si surfaces before and after N implanted for 1 and 7 h. The strong peak is observed at 520 cm -1 for before-implanted sample due to TO band of crystalline silicon. The intensity is decreased and the weak shoulder peak appears at 480 cm -1 for after-implanted sample for 1 h. A similar spectrum is also observed for after implanted for 7 h. The shoulder peak corresponds to the TO band of amorphous Si and/or amorphous SiN x [18] . In addition, the small broad peak appears at 150 cm -1 . This peak also corresponds to the TA band of amorphous SiN x [18] . These results suggest that the amorphization of Si and the formation of Si-N bonding have taken place on the surface of the Si target by N implantation. Similar tendency is also reported by M. Sadiq et al. [19] . Figure 5 shows FT-IR spectra of N implanted Si for 1 and 7 h. The broad peak centered around 830 cm -1 is observed for both samples. This peak is assigned to Si-N bond vibration [20] . Therefore, it is confirmed that Si-N bonding is formed in the Si target. The intensity of the broad peak of Si-N vibration is not significantly increased with increasing implantation time, which is consistent with the results of EDX analysis. , it was deduced that the N/Si ratio might be approximately 1.3 [7] . The error in determining the N areal density was believed to be minimized by the procedure of fitting to the gradient of Si surface signals where it is subtly changed on N concentration [7] , although the intensity of N signals is very low. The error of RBS measurements on light elements is known around 10%. A similar error may be allowed in this experiment. Considering with the results of Raman measurements, it is suggested that SiN phase at the surface of Si created by N implantation is amorphous structure. Figure 7 shows the XPS spectra of the N implanted sample for 7 h before and after Ar ion etching. Before Ar ion etching, Si2p, Si2s and N1s peaks are observed. In addition, C1s and O1s peaks are also observed. These peaks should arise from surface contamination and oxide layer, respectively. To eliminate surface contamination of C, Ar ion etching was carried out for 90 s at an ion current of approximately 2 A. After Ar ion etching, the C1s peak almost disappears, and the O1s peak is reduced in intensity although it still remains. The ratio of Si : N : O = 49.7 : 45.1 : 5.2 is obtained. However, the amount of O is low so that the N/Si ratio is discussed simply. Aft er Before Figure 8 shows (a) Si2p and (b) N1s of the N implanted samples for 1 and 7 h. In (a), the Si2p peak appears at 101.5 eV which corresponds to Si-N bonds [21] . The small shoulder at 103.1 eV can be identified as Si-O bonds [21] in residual surface oxide layer. The intensity of Si2p peak is not significantly increased with increasing implantation time. On the other hand, in (b), the N1s peak appears at 397.8 eV which corresponds to N-Si bonds [21] . In contrast to Si2p peak, the N1s peak is slightly increased with increasing implantation time. The ratio of N/Si is estimated to approximately 0.7 in the sample implanted for 1 h and is increased to approximately 0.9 in the sample implanted for 7 h.
The results of XPS analysis clearly show that implanted N mostly bonds to Si. Considering with the results of Raman, FT-IR and XRD measurements, it can be said that amorphous SiN x surface is formed by N implantation. It is also found that the areal density of N in Si is 1.7 x 10 17 atoms/cm 2 . The results of EDX analysis showed that the N concentration tends to be saturated over 1 h [7] . On the other hand, the results of XPS analysis show that the ratio of N/Si at the surface is slightly increased from 0.7 to 0.9 over 1 h until 7 h. It was reported by Y. Miyagawa et.al. [22, 23] that the implanted N follows the binary collision model until the concentration reaches the saturated concentration and excess N diffuses towards the surface and releases from there. According to Y. Miyagawa et. al., the EDX results suggest that the implanted N may diffuse towards the surface and release from the surface after the N concentration reaches the saturated concentration at around R p . Moreover, the XPS results suggest that the nitridation of Si is also occurred with N diffused from the depth around R p at the surface. In addition, sputtering should be occurred during N implantation. It is expected that the N concentration is reduced by sputtering of nitride surface, leading to the compensation for the increase in N concentration. Therefore, it may be said that the observed saturation of the N concentration is caused by the diffusion, nitridation, release of excess N from the surface and sputtering of the nitride surface at longer implantation time. 
SUMMARY
The surface modification of Si wafers is carried out by N implantation using PBII technique, and the compositional and structural changes of the surface of Si are examined as a function of implantation time in the range of 0.17 -7 h. It is found that the N concentration is increased up to 1 h, but tends to be saturated at further increase of implantation time. It is confirmed by the OES analysis that N 2 + ions are dominant ion species in this experiment. The maximum N concentration is about 1.7 x 10 17 atoms/cm 2 for 7 h implantation. The results of FT-IR and XPS measurements show that Si-N bonding is formed by N implantation into Si by PBII system. The results of Raman and XRD measurements indicate that amorphous SiN x is presumably formed after N implantation. These results suggest that amorphous SiN x layer is formed by N implantation. The saturation of N concentration may arise from the N diffusion towards the surface, nitridation at the surface, release from the surface and the sputtering of nitride surface.
